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HIGHLIGHTS 

►  Titania  nanotubes  as  a  support  for  catalysts. 

►  Electrocatalysts  for  the  oxidation  of  methanol. 

►  Catalysts  fabrication  by  galvanic  displacement  of  nickel  layer  by  platinum  enables  growth  of  na 

no-sized  metal  particles. 

ARTICLEINFO  ABSTRACT 

Here  we  report  the  study  and  use  of  Pt— Ni  catalysts  deposited  on  the  titania  nanotubed  surface  as 
electrocatalysts  for  the  oxidation  of  methanol.  The  nanostructured  Pt(Ni)/Ti02-NTs  electrocatalysts  with 
different  Pt  loadings  were  fabricated  by  electroless  deposition  of  Ni  onto  the  Ti02-NTs  surface  and  its 
subsequent  partial  displacement  by  Pt  upon  immersion  into  the  H2PtCl6  solution.  The  surface 
morphology  and  composition  of  the  catalysts  were  examined  using  scanning  electron  microscopy  and 
energy  dispersive  X-ray  spectroscopy.  The  electrocatalytic  activity  of  these  catalysts  was  evaluated 
towards  the  oxidation  of  methanol  by  means  of  cyclic  voltammetry  and  chronoamperometry.  The 
fabricated  nanostructured  Pt(Ni)/Ti02-NTs  catalysts  exhibit  an  enhanced  electrochemical  activity 
towards  electrochemical  oxidation  of  methanol  as  compared  to  that  of  pure  Pt  electrode. 
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1.  Introduction 

Direct  methanol  fuel  cells  (DMFCs)  are  being  developed  espe¬ 
cially  for  portable  power  supply.  Since  methanol  is  used  as  fuel,  the 
development  of  efficient  electrocatalysts  for  its  oxidation  is  of 
considerable  interest.  It  is  well  known  that  Pt  is  an  effective  elec¬ 
trocatalyst  for  the  oxidation  of  methanol  [1—14],  Unfortunately,  the 
use  of  platinum  as  an  electrode  material  is  limited  by  its  scarcity 
and  price.  Pt  alloys  with  transition  metals  such  as  Ni,  Co,  Fe  etc. 
allow  reducing  cost  and  provide  better  catalytic  characteristics  for 
the  oxidation  of  methanol  [15—25].  Bimetallic  catalysts  usually  are 
of  better  activity  and  stability  than  the  monometallic  ones.  The 
catalytic  enhancement  of  Pt  alloys  with  transition  metals  has  been 
attributed  to  the  PtM  alloy  formation  and  the  Pt  electronic  structure 
change  due  to  the  presence  of  M,  Pt-Pt  distance,  and  d-electron 
density  in  Pt  [17,18,22,26—38].  It  has  also  been  reported  that 
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addition  of  non-metallic  elements  such  as  phosphorus  to  the  Pt- 
based  alloys  results  in  the  change  of  electronic  state  of  metal 
elements  or  decrease  in  Pt  particle  size,  which  has  a  pronounced 
effect  on  magnetic,  catalytic  properties  and  CO  tolerance  of  the 
latter  catalysts  [39-43], 

The  importance  of  the  supporting  material  for  the  efficient 
operating  of  catalysts  is  also  well  known.  Recently,  Ti-oxides  have 
been  accepted  as  a  suitable  alternative  for  carbon  supports.  They 
are  of  particular  value  not  only  for  their  high  stability  under  fuel  cell 
operating  conditions,  but  also  for  possible  interaction  with  the 
deposited  metal  particles  that  can  result  in  an  enhancement  of  the 
activity  of  catalyst  [44,45].  These  interactions  are  based  on  hypo-d- 
electron  character  of  Ti  and  hyper-d-electron  character  of  Pt,  Ni  and 
other  metals  [33].  Creating  a  tubular  structure  enabled  the 
enhancement  of  surface  area  without  an  increase  in  geometrical 
area.  From  this  point  of  view,  anodized  titania  nanotube  arrays 
(denoted  as  Ti02-NTs)  have  received  significant  attention  for  a  large 
surface,  improved  catalytic  activity,  chemical  stability,  non-toxicity 
excellent  biocompatibility,  easy  preparation.  Low  production  costs 
make  them  valuable  functional  materials  in  many  areas.  A  strong 
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interaction  between  TiC>2  and  Pt  [46—49]  and  Pt-Ni  [50,51]  has 
been  found  to  favour  the  catalytic  activities  for  methanol  electro¬ 
oxidation,  oxygen  reduction  [52—54]  and  degradation  of  dyes 
[55],  In  addition,  the  form  of  TiC>2  supports  was  shown  to  greatly 
affect  this  interaction:  usually  the  Ti02  support  in  nanotube  form 
can  yield  better  catalytic  properties  than  those  in  nanoparticles 
form.  Our  previous  studies  have  also  shown  that  Ti02  nanotubes 
can  be  a  successful  support  for  the  Au-Ni  and  Pt-Ni  catalysts  for 
the  oxidation  of  boro  hydride  [56,57], 

Regarding  the  interaction  between  the  support  and  the  catalyst, 
and  relying  on  the  possible  surface  area  enhancement  by  applying 
Ti02-NTs,  we  made  an  attempt  to  fabricate  the  nanostructured 
platinum-nickel  catalyst  supported  on  the  Ti02-NTs  surface 
(denoted  as  nanoPt(Ni)/Ti02-NTs).  Well-adherent  platinum-coated 
nickel  films  (Pt/Ni),  with  particles  of  a  few  hundred  nanometres  in 
size  were  deposited  on  the  Ti02-NTs  surface  using  a  simple  and 
low-cost  galvanic  displacement  technique  [38,58-63].  The  elec- 
trocatalytic  activity  of  the  as-prepared  nanostructured  Pt(Ni)/Ti02- 
NTs  catalysts  was  examined  with  respect  to  the  oxidation  of 
methanol  in  an  alkaline  media  by  cyclic  voltammetry  (CV)  and 
chronoamperometry  (CA).  The  surface  morphology  and  composi¬ 
tion  of  the  samples  were  characterized  using  Scanning  Electron 
Microscopy  (SEM)  and  Energy  Dispersive  X-ray  Spectroscopy 
(EDAX). 

2.  Experimental  details 

2.1.  Chemicals 

Ti  foil  of  99.7%  purity,  0.127  mm  in  thickness  and  H2PtCl6  were 
purchased  from  Sigma— Aldrich  Supply.  NH4F,  H2SO4,  NaOH, 
ethanol  and  methanol  were  purchased  from  Chempur  Company.  All 
chemicals  were  of  analytical  grade.  Deionized  water  was  used  to 
prepare  all  the  solutions. 

2.2.  Fabrication  of  catalysts 

Self-ordered  TiC>2  nanotube  arrays  in  the  present  work  were 
synthesized  onto  the  Ti  substrates  by  anodic  oxidation  [64],  Briefly, 
prior  to  anodization,  the  titanium  sheets  of  1  x  1  cm  were 
degreased  with  ethanol,  rinsed  with  deionised  water  and  dried  in 
an  Ar  stream.  Then  titanium  sheets  were  anodized  in  a  0.24  M 
H2SO4  solution  containing  0.5  wt.%  NH4F  at  a  constant  potential  of 
20  V  and  room  temperature  for  1  h.  The  counter  electrodes  were 
two  sheets  of  Pt.  After  anodization,  the  samples  were  rinsed  thor¬ 
oughly  with  deionised  water  and  dried. 

Deposition  of  Pt(Ni)  catalysts  on  the  titania  nanotubed  surface 
was  carried  out  as  described  in  [57],  Briefly,  the  TiCh-NTs  surface 
was  activated  in  a  0.5  g  1_1  PdCl2  solution  for  60  s,  then  rinsed  with 
deionised  water  and  immersed  into  an  electroless  nickel  bath  at 
85  ±  2  °C  for  1  min.  The  plating  bath  consists  of  0.1  M  nickel 
sulphate,  0.4  M  glycine,  0.25  M  sodium  hyphophosphite  and  0.1  M 
disodium  malonate.  The  bath  operated  at  pH  9.  Then  the  prepared 
Ni/TiC>2-NTs  electrodes  were  immersed  in  a  0.1  M  HC1  solution 
containing  1  mM  H2PtCl6  at  room  temperature  for  1,  5  and  15  min. 
The  surface-to-volume  ratio  was  1.3  dm2  l1.  After  plating,  the 
samples  were  taken  out,  thoroughly  rinsed  with  deionized  water 
and  air  dried  at  room  temperature.  Then,  the  prepared  catalysts 
were  used  for  methanol  electro-oxidation  measurements  without 
any  further  treatment. 

2.3.  Characterization  of  catalysts 

The  surface  morphology  and  composition  of  the  samples  were 
characterized  using  a  Scanning  Electron  Microscope  EVO-50  EP 


(Carl  Zeiss  SMT  AG,  Germany)  at  an  acceleration  voltage  of  20  lcV 
with  Energy  Dispersive  and  Wave  dispersion  X-ray  Spectrometers 
(Oxford,  UK).  The  metal  loading  was  estimated  using  STRATAGEM 
software  and  EDS  K-ratios  for  Ni,  P,  Ti  and  O  I<  alpha  lines  and  Pt  L 
alpha  lines. 

2.4.  Electrochemical  measurements 

A  conventional  three-electrode  electrochemical  cell  was  used 
for  cyclic  voltammetry.  The  nanoPt(Ni)/Ti02-NTs,  Ni/Ti02-NTs  and 
Pt  electrodes  with  a  geometric  area  of  2  cm2  were  employed  as 
working  electrodes,  an  Ag/AgCl/KClsat  electrode  was  used  as 
a  reference  electrode  and  a  Pt  sheet  was  used  as  a  counter  elec¬ 
trode.  The  presented  current  densities  are  normalized  with  respect 
to  the  geometric  area  of  catalysts. 

All  electrochemical  measurements  were  performed  with 
a  Metrohm  Autolab  potentiostat  (PGSTAT100)  using  Electro¬ 
chemical  Software  (Nova  1.6.013).  Steady  state  linear  sweep  vol- 
tammograms  were  recorded  in  a  0.5  M  NaOH  solution  containing 
2.0  M  CH3OH  at  a  linear  potential  sweep  rate  of  50  mV  s-1  from  the 
stationary  Es  value  in  the  anodic  direction  up  to  0.3  V  vs.  Ag/AgCl/ 
KClsat  at  a  temperature  of  25  °C.  The  electroactive  surface  areas 
(ESAs)  of  the  prepared  catalysts  were  determined  in  a  0.5  M  H2SO4 
solution  at  50  mV  s-1.  The  platinum  ESAs  in  the  catalysts  were 
obtained  from  the  charge  calculated  for  hydrogen  adsorption 
(220  pC  cm”2)  [65], 

The  chronoamperometric  curves  for  the  nanoPt(Ni)/Ti02-NTs 
catalysts  were  recorded  at  a  constant  potential  value  of  -0.25  V  for 
2  min. 

3.  Results  and  discussion 

The  nanoPt(Ni)/Ti02-NTs  catalysts  were  fabricated  using 
a  simple  and  low-cost  electroless  deposition  method  followed  by 
galvanic  displacement  of  Ni  by  Pt.  The  electroless  nickel  film  was 
chosen  as  an  underlayer  for  the  formation  of  immersion  platinum 
overlayer  onto  the  titania  nanotube  surface.  Due  to  galvanic 
displacement  and  platinum  deposition,  noble  metal  deposits  were 
formed  on  the  Ni  surface.  The  TiC>2-NTs  and  Ni/TiC>2-NTs  electrodes 
applied  in  our  previous  work  [57]  were  also  used  in  this  study.  The 
self-ordered  Ti02  nanotube  arrays  were  prepared  with  an  average 
tube  diameter  of  about  100  nm  and  the  thickness  of  titania  layers  of 
~350  nm.  The  electroless  Ni  deposited  on  the  titania  nanotubes 
produced  a  layer  of  nickel  particles  of  globular  structure  which  are 
homogeneously  dispersed  in  size  and  exhibit  an  average  particle 
size  of  about  200  nm  [57],  Fig.  1  shows  the  surface  morphology  of 
nanoPt(Ni)/Ti02-NTs  catalysts  obtained  after  immersion  of  Ni/TiCV 
NTs  electrodes  into  the  platinum-containing  solution  for  1  (a),  5  (b) 
and  15  (c)  min.  Immersion  of  the  Ni/Ti02-NTs  in  the  platinum- 
containing  solution  for  1  and  5  min  results  in  the  formation  on 
the  Ni  surface  of  nonspherical  platinum  crystallites  10—30  and  50— 
100  nm  in  size,  respectively  (Fig.  la,b).  The  Pt  crystallites  appear  as 
light  oblong  nanorods  and  are  quite  uniform  in  size  and  well 
separated.  After  immersion  of  the  Ni/TiCh-NTs  electrode  in  the 
platinum-containing  solution  for  a  longer  time  up  to  15  min,  the  Pt 
crystallites  increase  and  flowerlike  character  of  the  structures  is 
evident  (Fig.  lc).  The  Pt  nanoflowers  are  not  spherical  and  consist  of 
a  large  number  of  spearlike  nanorods  of  size  ca.  200  nm  which  are 
bonded  to  each  other  to  form  bigger  secondary  3D  flowerlike 
architectures. 

The  presence  of  Pt  and  Ni  on  the  titania  nanotube  arrays  was 
later  shown  by  Energy  dispersive  X-ray  analysis.  The  data  of  EDAX 
analysis  of  the  as-prepared  catalysts  after  different  times  of 
immersion  of  Ni/TiC>2-NTs  electrodes  in  the  platinum-containing 
solution  are  presented  in  Table  1.  A  significant  amount  of 
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Fig.  1.  SEM  views  of  nano-Pt(Ni)/Ti02-NTs  catalysts  prepared  under  different  condi¬ 
tions.  The  catalysts  were  prepared  by  immersion  of  Ti02-NTs  in  the  electroless  nickel 
solution  at  85  °C  for  1  min,  followed  by  its  immersion  in  1  mM  H2PtCl6  +  0.1  M  HC1  at 
room  temperature  for  1  (a),  5  (b)  and  15  (c)  min. 


deposited  nickel  and  a  much  lower  amount  of  platinum  were 
determined  on  the  electrode  surface.  It  should  be  noted  that  the 
nickel  layer  is  deposited  on  the  titania  nanotube  surface  from  the 
electroless  plating  solution  using  hyphophosphite  as  a  reducing 
agent.  So  phosphorus  of  about  6—10  at.%  is  co-deposited  with  Ni.  As 


Table  1 

The  contents  of  elements  on  the  surface  of  the  nanoPt(Ni)/Ti02-NTs  catalysts  by 
EDAX  analysis.  The  catalysts  are  the  same  as  in  Fig.  1. 


Catalysts  Elements,  at.% 

Pt  Ni  P  0  Ti 

"a  025  65.40  10.00  330  20.90 

b  1.13  54.50  6.90  8.59  29.20 

c  2.00  49.52  5.97  18.48  24.04 


the  electroless  Ni— P  layer  with  the  thickness  of  about  300  nm  was 
deposited  on  the  titania  nanotube  surface,  the  Pd,  which  was  used 
for  the  activation  of  titania  nanotube  surface,  was  not  detected  on 
the  surfaces  of  the  investigated  catalysts. 

The  Pt  loading  was  estimated  using  EDS  K-ratios  for  Ni,  P,  Ti  and 
O  K  alpha  lines  and  Pt  L  alpha  lines.  It  has  been  determined  that  the 
Pt  loadings  were  1.00,  8.38  and  18.1  pg  Pt  cm-2  in  the  fabricated 
nanoPt(Ni)/Ti02-NTs  catalysts  after  immersion  of  the  Ni/Ti02-NTs 
surfaces  in  a  platinum-containing  solution  for  1,  5  and  15  min, 
respectively. 

The  electroactive  areas  of  platinum  surface  in  the  catalysts  were 
determined  from  the  cyclic  voltammograms  of  pure  Pt  and  nano- 
Pt(Ni)/Ti02-NTs  catalysts  recorded  in  a  deaerated  0.5  M  H2SO4 
solution  at  a  scan  rate  of  50  mV  s-1  by  calculating  the  charge 
associated  to  hydrogen  adsorption  (220  pC  cm-2)  (not  shown).  The 
calculated  ESAs  values  are  2.5  cm2  for  pure  Pt  and  3.3,  5.6  and 
6.6  cm2  for  subsequent  Ni/Ti02-NTs  immersion  in  the  platinum- 
containing  solution  for  1,  5  and  15  min,  respectively.  These  results 
show  that  the  ESAs  values  of  the  catalysts  prepared  by  galvanic 
displacement  of  Ni  layer  by  platinum  crystallites  are  about  1.3— 2.6 
times  higher  than  that  of  pure  Pt. 

The  electrochemical  activity  of  the  nanoPt(Ni)/Ti02-NTs  cata¬ 
lysts  fabricated  with  different  loadings  of  Pt  was  evaluated  towards 
the  oxidation  of  methanol. 

It  has  been  shown  that  the  oxidation  of  methanol  in  an  alkaline 
solution  occurs  via  the  following  series  of  steps  [2,7-9]: 

Pt  +  OH-«Pt-(OH)ads  +  e-  (1) 

Pt  +  (CH3OH)sol<=>Pt  -  (CH3OH)ads  (2) 

Pt  —  (CH3 OH)ads  +  Pt  —  (OH)ads  -Pt-(CH30)ads  +  Pt+H20  (3) 

Pt  —  (CH30)ads  +  Pt—  (OH)ads— >Pt—  (CH20)ads  +Pt  +  H20  (4) 

Pt  -  (CH20)ads  +  Pt  -  (OH)ads— >Pt  -  (CHO)ads  +  Pt  +  H20  (5) 

The  strength  of  the  bonding  of  (CHO)ads  on  the  surface  deter¬ 
mines  the  entire  rate  of  the  reaction  [2— 4,6,7],  As  the  chem- 
isorptive  bonding  of  CHO  on  Pt  in  an  alkaline  medium  is  weak, 
further  oxidation  takes  place  without  much  difficulty,  i.e.,  without 
irreversibly  blocking  the  electrode  active  sites,  namely: 

Pt  -  (CHO)ads  +  Pt  -  (OH)ads— >Pt  -  (CO)ads  +  Pt  +  H20  (6) 

Pt  -  (CO)ads  +  Pt  -  (OH)ads— >Pt  -  (COOH)ads  +  Pt  (7) 

Pt  -  (COOH)ads  +  OH - >Pt  —  (OH)ads  +  (HCO(r)so]  (8a) 

Pt  -  (COOH)ads  +  Pt  -  (OH)ads  +  20H  -►  2Pt  +  (cO§~)  +  2H20 

(8b) 


Depending  on  the  experimental  conditions,  the  final  product  in 
solution  is  either  formate  ion  (Eq.  (8a)),  or  carbonate  ion  (Eq.  (8b)). 

Fig.  2  presents  the  first  ten  scan  cyclic  voltammograms  (CVs)  for 
pure  Pt  (a),  Ni/TiC>2-NTs  (b)  and  nanoPt(Ni)/Ti02-NTs  (c-e)  catalysts 
in  0.5  M  NaOH  containing  2  M  CH3OH  at  50  mV  s-1.  As  evident  from 
Fig.  2,  anodic  peaks  I  are  observed  in  the  CVs  both  on  pure  Pt  (a)  and 
nanoPt(Ni)/Ti02-NTs  (c— e)  catalysts  at  potential  values  at 
ca.  -0.25  V.  These  peaks  are  due  to  the  chemisorption  of  methanol 
molecules  and  to  the  oxidation  of  the  intermediate  organic  species, 
which  has  been  previously  reported  in  the  literature  [8], 


Furthermore,  oxidation  peaks  I  recorded  on  the  Ni/Ti02-NTs  elec¬ 
trodes  with  the  Pt  loadings  of  1.0, 8.38  and  18.1  pg  Pt  cm-2  (Fig.  2c— e) 
are  significantly  higher  than  those  on  pure  Pt  (Fig.  2a).  In  the  case  of 
the  Ni/Ti02-NTs  electrode  (Fig.  2b),  during  subsequent  anodic  scans 
no  anodic  peaks  were  observed  on  this  catalyst  in  the  potential 
region  from  —0.7  to  0  V.  It  may  be  suggested  that  an  enhanced 
currents  for  the  oxidation  of  methanol  recorded  on  the  as-prepared 
nanoPt(Ni)/Ti02-NTs  catalysts  under  the  same  potential  region  may 
be  ascribed  to  the  electrocatalytic  properties  of  Pt  and  Ni  particles, 
e.g.,  to  the  PtNi  alloy  formation  and  Pt  electronic  structure  change 


E/V  vs.  Ag/AgCl  £7  V  vs.  Ag/AgCl 
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due  to  the  presence  of  Ni  [32,34,66],  Whereas  P  was  also  found  in  the 
Ni  coating,  it  could  change  the  electronic  state  of  deposited  Pt 
[39,40],  However,  only  PtNi  alloy  formation  was  confirmed  accord¬ 
ing  to  the  XRD  pattern  measured  for  the  Pt  and  Ni  catalyst  deposited 
under  the  same  conditions  as  in  this  study  but  on  the  titanium 
surface  [66], 

Noteworthy,  the  peak  current  densities  (Fig.  2,  peak  I)  on  the 
nanoPt(Ni)/Ti02-NTs  catalysts  prepared  after  different  immersion 
times  of  Ni/Ti02-NTs  electrodes  in  the  platinum-containing  solu¬ 
tion  are  about  1.5—42  times  higher  as  compared  to  that  of  pure  Pt 
electrode.  In  the  reverse  scan  anodic  peaks  II  related  to  the  reac¬ 
tivation  of  the  catalyst  surface,  e.g.,  due  to  the  oxidation  of  the 
residual  weakly  bonded  CHO  species  during  the  backward  scan  [8] 
are  recorded  and  they  are  lower  as  compared  to  direct  methanol 
oxidation  peaks  I.  However,  during  the  long-term  cycling  (Fig.  2c— 
e)  the  electrocatalytic  activity  of  latter  catalysts  increases  indicating 
the  high  stability  of  catalysts  and  the  absence  of  any  significant 
catalyst  losses.  Yet,  assuming  ca.  1.3-2.6-fold  higher  active  surface 
areas  of  the  investigated  nanoPt(Ni)/Ti02-NTs  catalysts,  compared 
to  Pt,  the  surface  area  normalized  methanol  oxidation  current 
densities  are  also  ca.  1—16-times  higher  on  these  nanoPt(Ni)/Ti02- 
NTs  catalysts. 

It  should  be  noted  that  the  catalytic  activity  of  aforementioned 
catalysts  is  also  increasing  with  increase  in  Pt  loading  on  the 
catalyst  surface.  Additionally,  the  enhanced  currents  for  the 
oxidation  of  methanol  were  obtained  at  the  nanostructured  cata¬ 
lysts  during  long-term  cycling  (Fig.  2c-e).  To  compare  the  catalytic 
activity  of  these  catalysts,  the  current  density  was  normalized  in 
reference  to  the  Pt  loadings  for  each  catalyst.  Fig.  2f  shows  the  10th 
positive  scans  of  the  nanoPt(Ni)/TiC>2-NTs  catalysts  with  different  Pt 
loadings  for  the  oxidation  of  methanol.  It  is  clear  that  the  Pt  mass 
peak  current  of  the  nanoPt(Ni)/Ti02-NTs  catalyst  with  the  Pt 
loading  of  18.1  pg  Pt  cm-2  is  1.5-3  times  greater  than  those  on  the 
nanoPt(Ni)/TiC>2-NTs  catalysts  with  the  Pt  loadings  of  1.0  and 
8.38  pg  Pt  cm-2,  respectively  (Fig.  2f). 

Fig.  3  presents  dependence  of  methanol  oxidation  peak  current 
densities  (a)  and  Pt-mass  normalized  peak  current  densities  (b)  of 
10th  cycles  on  the  size  of  deposited  Pt  particles.  The  a— c  catalysts 
were  the  same  as  in  Fig.  1.  The  size  of  Pt  particles  and  aggregates 
was  calculated  from  the  SEM  data  in  Fig.  1.  As  was  shown  in  Fig.  lc, 
the  increase  in  the  Pt  loading  in  the  nanoPt(Ni)/Ti02-NTs  catalysts 
results  in  the  formation  of  flowerlike  nanorods  aggregates  of  size 
ca.  200  nm,  therefore,  the  predominant  catalytic  properties  of  the 


latter  catalyst  may  be  attributed  to  the  particular  structure  of  the 
flowerlike  nanorods  aggregates,  which  results  in  enhanced  meth¬ 
anol  oxidation  currents.  The  authors  also  claimed  in  [66]  that  the 
unique  properties  of  Pt  flowerlike  nanorods  aggregates  about 
600—800  nm  in  size  promote  catalysis,  create  channels  for  the 
effective  transport  of  electrolyte,  the  interconnected  structures  in 
flowerlike  nanorods  aggregates  lead  to  a  higher  surface  area  and 
provide  more  absorption  sites  for  involved  molecules  in  a  limited 
space,  a  faster  electron  transmission,  which  is  favourable  for  the 
enhancement  of  Pt  electrocatalytic  properties.  In  addition,  the 
good  tolerance  of  Pt  flowerlike  nanorods  aggregates  to  CO-lilce 
intermediates  also  has  an  advantage  for  the  enhancement  of  the 
catalytic  activities  [67],  The  mentioned  phenomena  suggest  that 
the  fabricated  catalysts  with  higher  Pt  loadings  with  a  flowerlike 
structure  have  more  active  sites  for  the  adsorption  of  methanol, 
which  results  in  enhanced  methanol  oxidation  currents.  Addi¬ 
tionally,  it  can  be  noted,  that  “cauliflowerlike”  electroless  depos¬ 
ited  copper  coatings  with  a  secondary  small-scale  structure  with 
an  extremely  high  real  surface  area  are  very  good  catalysts 
for  electrooxidation  of  formaldehyde  —  the  anodic  oxidation  rate 
is  equal  to  ca.  40  mA  cm-2  exceeding  other  known  copper 
surfaces  [68], 

The  performance  of  the  fabricated  catalysts  as  compared  to  pure 
Pt  for  the  oxidation  of  methanol  can  be  further  observed  from 
chronoamperometric  measurements.  The  chronoamperometric 
curves  are  shown  in  Fig.  4.  The  nanoPt(Ni)/Ti02-NTs  with  the  Pt 
loadings  in  the  range  from  1.00  to  18.1  pg  Pt  cm-2  and  pure  Pt 
catalysts  show  a  current  decay  for  methanol  oxidation.  At  the  end 
of  experimental  period  (t  =  130  s),  the  current  densities  of  the 
nanoPt(Ni)/Ti02-NTs  catalysts  are  2—100  times  higher  than  those 
on  Pt.  Fig.  4b  compares  the  Pt  mass  activities  of  a  latter  catalysts  for 
methanol  oxidation.  It  is  clearly  seen  that  the  nanoPt(Ni)/Ti02-NTs 
catalyst  with  the  Pt  loading  of  18.1  pg  Pt  cm  2  exhibits  a  highest 
activity  for  the  methanol  oxidation  reaction.  The  fabricated  cata¬ 
lysts  have  a  higher  catalytic  activity  and  a  better  stability  for 
methanol  oxidation  than  Pt.  This  result  is  in  agreement  with  the 
results  of  cyclic  voltammetry  curves.  Active  surface  normalized 
currents  were  about  1.7,  4.1  and  76.0  fold  higher  at  the  nanoPt(Ni)/ 
TiC>2-NTs  catalysts  than  those  on  Pt  when  the  immersion  times  of 
Ni/TiC>2-NTs  were  1,  5  and  15  min,  respectively. 

Therefore,  all  our  catalysts  formed  by  the  galvanic 
displacement  technique  outperformed  Pt  under  the  employed 
chronoamperometry  conditions. 


Size  of  Pt  particles  /  nm  Size  of  Pt  particles  /  nm 


Fig.  3.  Dependence  of  methanol  oxidation  peak  current  densities  (a)  and  Pt-mass  normalized  peak  current  densities  (b)  of  10th  cycles  on  the  size  of  deposited  Pt  particles.  The  a-c 
catalysts  were  the  same  as  in  Fig.  1. 
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Fig.  4.  (a)  Chronoamperometry  for  the  oxidation  of  methanol  on  pure  Pt  (dotted  line ) 
and  nanoPt(Ni)/Ti02-NTs  catalysts  with  the  Pt  loadings  (pg  Pt  cm'2):  1.0  ( solid  line), 
8.38  (dash-dotted  line)  and  18.1  (dashed  line)  studied  at  -0.25  V  in  a  0.5  M  NaOH 
solution  containing  2  M  CH3OH.  The  potential  was  firstly  held  at  open  circuit  for  10  s, 
then  set  to  —0.25  V  for  2  min.  (b)  Chronoamperometry  curves  of  Pt-mass  normalized 
methanol  oxidation  on  the  same  catalysts. 


4.  Conclusions 

Here  we  present  a  simple  approach  to  fabricate  the  nano- 
structured  Pt-Ni  catalyst  supported  on  the  titania  nanotube  surface. 
A  series  of  Pt-Ni  thin  layers  with  different  Pt  loadings  were 
deposited  on  the  titania  nanotube  surface  by  electroless  deposition 
of  Ni  onto  the  TiC^-NTs  surface  and  its  subsequent  partial 
displacement  by  Pt  upon  immersion  into  the  P^PtCle  solution.  The 
fabricated  nanoPt(Ni)/Ti02-NTs  catalysts  with  the  Pt  loadings  in  the 
range  from  1.0  to  18.1  pg  Pt  cm-2  exhibited  a  higher  electrocatalytic 
activity  towards  the  oxidation  of  methanol  as  compared  to  that  on 
pure  Pt.  A  high  catalytic  activity  of  nanoPt(Ni)/Ti02-NTs  for  the 
electrooxidation  of  methanol  was  also  confirmed  by  chro¬ 
noamperometry  studies. 
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